et al.. Phosphatidylinositol-4-phosphate-dependent membrane traffic is critical for fungal filamentous growth.
The phospholipid phosphatidylinositol-4-phosphate [PI(4)P], generated at the Golgi and plasma membrane, has been implicated in many processes, including membrane traffic, yet its role in cell morphology changes, such as the budding to filamentous growth transition, is unknown. We show that Golgi PI(4)P is required for such a transition in the human pathogenic fungus Candida albicans. Quantitative analyses of membrane traffic revealed that PI(4)P is required for late Golgi and secretory vesicle dynamics and targeting and, as a result, is important for the distribution of a multidrug transporter and hence sensitivity to antifungal drugs. We also observed that plasma membrane PI(4)P, which we show is functionally distinct from Golgi PI(4)P, forms a steep gradient concomitant with filamentous growth, despite uniform plasma membrane PI-4-kinase distribution. Mathematical modeling indicates that local PI(4)P generation and hydrolysis by phosphatases are crucial for this gradient. We conclude that PI(4)Pregulated membrane dynamics are critical for morphology changes.
membrane traffic | filamentous growth | polarity | morphogenesis | lipid distribution P hosphatidylinositol-4-phosphate [PI(4)P] is a minor constituent of cellular membranes that is essential for polarized growth, membrane traffic, and cytoskeleton organization (1) (2) (3) . The majority of PI(4)P in budding yeast is generated by two essential PI-4-kinases, Pik1 at the Golgi and Stt4 at the plasma membrane (PM) (4-7). Although we have shown that PM Stt4 and the PI(4)P-5-kinase Mss4 are critical for the human fungal pathogen Candida albicans filamentous growth (8) , little is known regarding the importance of Golgi PI(4)P. Perturbation of Golgi PI(4)P levels in Saccharomyces cerevisiae and mammalian cells results in defects in Golgi morphology and secretion (9) (10) (11) (12) (13) . Furthermore, the Golgi in mammalian cells is important for cell polarity (14) . In the filamentous fungus Neurospora crassa, PI(4)P has been observed at the Golgi (15) , yet its function is unknown.
In a range of fungi, including pathogenic species, a morphological transition between yeast and filamentous forms, triggered by numerous external stimuli, is important for virulence (16, 17) . Many proteins localize to the tip of the C. albicans protruding filament and a number of proteins are either secreted or incorporated into the cell wall during the yeast to filamentous morphological transition (17) , alluding to the importance of membrane traffic in this process. Here we show that cells with reduced Golgi PI(4)P levels are defective in morphogenesis and that Golgi PI(4)P is critical for two distinct steps in the secretory pathway. Furthermore, we observed a striking gradient of PM PI(4)P along the length of the hyphal filament and mathematical modeling revealed the processes crucial for this distribution.
Results
Golgi PI(4)P Is Critical for Invasive Filamentous Growth. As the PIK1 gene is located in the mating-type locus (MTL), the two copies are nonidentical, encoding proteins 57% identical. When either PIK1a or PIK1α was deleted, cells were viable and undergo invasive filamentous growth ( Fig. 1 A and B) . However, we were unable to delete both PIK1 genes and when the remaining copy was placed behind the Tet promoter ( Fig. S1 A and B) , cells were inviable upon full repression with doxycycline (Dox) (Fig. 1A) . Intermediate repression conditions were identified in which both strains were viable (Fig. 1A) . In the absence of Dox, the pik1aΔ/ pTetPIK1α strain had higher levels of PIK1α mRNA than the wild type (WT); upon partial repression these levels were substantially reduced and similar to that of a WT strain (Fig. S1C ). Both pik1 mutants had a normal morphology (Fig. 1C ), yet grew with a t doubling 90% longer than the WT strain, upon partial repression. These partial repression conditions were used hereafter to examine the role of PIK1 in filamentous growth.
In the presence of FCS without repression (−Dox), filamentous growth of these pik1 mutants was similar to that of the WT ( Fig. 1  B and C) . In contrast, upon PIK1 repression (+Dox) we observed striking defects in filamentous growth, which were rescued by the respective PIK1 copy ( Fig. 1 B and C) . Nonetheless, the pik1aΔ/ pTetPIK1α strain (hereafter referred to as pik1) still responded to FCS, as induction of hyphal specific genes was observed, albeit to 5-to 10-fold lower levels (Fig. S1D) . With respect to viability, ∼10% of pik1 mutant cells were inviable upon PIK1 repression (Fig. S1F ), similar to stt4 and mss4 mutants (8) . Also, just as addition of the osmo-support sorbitol improved the growth of S. cerevisiae pik1 ts (7, 10) and C. albicans stt4 and mss4 mutants (8), sorbitol reduced the pik1 mutant inviability (Fig. S1F ), yet did not alter the filamentous growth defect. Together, our results show that Pik1 is necessary for filamentous growth.
Significance
Cell morphology changes in response to external stimuli require both identification of a growth site and concomitant membrane traffic directed to this site. We have previously shown that plasma membrane phosphatidylinositol-bis-phosphate PI(4,5)P 2 is critical for fungal filamentous growth. Here we show that the Golgi phosphatidylinositol-4-phosphate [PI(4)P] is essential for the yeast to filamentous growth transition, via its role in Golgi function and dynamics. Furthermore, we have modeled the steep gradient of this lipid at the plasma membrane and propose that local generation, as well as hydrolysis by phosphatases, is critical. Our results demonstrate that PI(4)P-regulated membrane dynamics are key for cell morphology changes. Little to no perturbation of the actin cytoskeleton was observed in the C. albicans pik1 mutants (Fig. S2 A and B) , in contrast to some S. cerevisiae pik1 ts mutants (12) . As both Cdc42 and Rho1 are critical for filamentous growth in C. albicans and PI(4,5)P 2 is required for active Rho1 polarized distribution (18), we examined whether Pik1 was important for the localization of these active GTPases. These active GTPases localized similarly in pik1 and WT cells, with only ∼20% decrease in cells with a polarized distribution in the mutant (Fig. S2 C and D) . As the exocyst subunit Sec3 binds PI(4,5)P 2 in S. cerevisiae (19), we also examined whether its location was altered in the pik1 mutant. Although there was increased Sec3-GFP cytoplasmic signal upon PIK1 repression, Sec3 localized to growth sites in the majority of the cells (Fig. S2 E and F) . Together, these results indicate that the pik1 filamentous growth defect is not due to actin cytoskeleton perturbation or an altered localization of active Cdc42, Rho1, or Sec3.
Golgi PI(4)P Is Required for Membrane Traffic. As Pik1 is critical for membrane traffic in S. cerevisiae (5, (9) (10) (11) (12) (20) (21) (22) , we investigated whether the impaired yeast to filamentous growth transition in the pik1 mutant was due to a defect in this process. We first examined the distribution of the multidrug ABC transporter Cdr1 (23), critical for resistance to antifungal drugs (24) . This transporter was found exclusively at the PM in WT and pik1 cells grown in the absence of Dox ( Fig. 2A) . However, upon PIK1 repression, we observed a majority of cells with intracellular Cdr1-GFP, even though PM Cdr1-GFP was still observed (Fig. 2A) . Consistent with a defect in Cdr1 PM targeting, the pik1 mutant specifically exhibited increased drug sensitivity (Fig. 2B and Fig. S3A ). However, the secretion of GFP, fused to the signal sequence of the hyphal cell wall protein Hwp1, was identical in pik1 and WT strains, indicating that although the distribution of membrane proteins is altered upon PIK1 repression, protein secretion is largely unaffected, in contrast to S. cerevisiae (9, 10, 12) . Next, we examined endocytosis using the membrane dye FM4-64. Although we did not detect a defect in PM uptake upon PIK1 repression, there was a substantial delay in FM4-64 arrival to the vacuole, with the t 1/2 for vacuole accumulation increased fivefold ( Fig. 2C and Fig. S3B ). As FM4-64 colocalized with the late Golgi reporter Sec7-GFP in WT cells (Fig. S3C ), we attribute this defect to perturbation of the Golgi. Together these results show that Pik1, and hence Golgi PI(4)P, is important for distinct membrane traffic steps.
As PI(4)P has been shown to control recruitment of the Sec4 Rab GEF Sec2 to secretory vesicles (SVs) (22) and also to be critical for myosin-V Myo2-dependent secretion in S. cerevisiae (11), we examined SV distribution and targeting in the C. albicans pik1 mutant, using GFP-Sec4. Quantification of the total GFPSec4 signal in the mother and bud compartments revealed an 80% increase in the mother to bud signal ratio upon PIK1 repression ( Fig. 3A and Fig. S3D ; average mother/bud signal 2.4 ± 0.3 SEM without Dox compared with 4.3 ± 0.7 SEM with Dox; P < 0.05); the levels of this reporter were unaffected (Fig. S3E) . As this accumulation of SVs in the mother cell suggested that Pik1 was required for their targeting to growth sites, we manually tracked SV movement in a single z section over time and observed a significant number of vesicles moving from the mother to bud compartment (Fig. 3B) ; on average 6.3 ± 1.9 SVs crossed the bud neck in a single z section over 75 s in the pik1 mutant strain in the absence of Dox, similar to the WT strain ( Fig. 3C and Fig. S3F ). In contrast, in the pik1 mutant in the presence of Dox we rarely observed SV movement between these two compartments ( 
Reduction of Late Golgi PI(4)P Results in Golgi Proliferation and
Confined Movement. To further investigate the role of Golgi PI(4)P we examined its distribution, using as a reporter the phosphatidylinositol-4-phosphate adaptor protein-1 (FAPP1) PH domain, which specifically binds this lipid (25) . With a C. albicans codonoptimized PH
FAPP1
-GFP reporter, we observed a punctate distribution in WT cells (Fig. S4A ) characteristic of the Golgi (26) and a decrease in the signal associated with these punctae in the pik1 mutant upon repression (Fig. S4A ). As FAPP1 has been shown to also bind Arf1 (27), we mutated the residues responsible for this interaction to make the reporter specific for PI(4)P (28), hereafter referred to as PI(4)P
. Here as well, a punctate distribution was observed in both WT and pik1 mutant cells, which became substantially fainter upon PIK1 repression (Fig. S4B) . The punctae were highly dynamic in WT budding and hyphal cells and appeared to localize preferentially at the filament tip (Fig. S4 C-E and Movies S1 and S2), as previously observed with the GDP-mannose transporter Vrg4 (26) and Sec7 (29) . In contrast, there was no difference in the signal between bud and mother cell.
To determine the localization of PI(4)P, we used different Golgi markers such as the early Golgi Vrg4 (30) and the late Golgi Sec7 (31), together with Pik1 and Sec4. As Golgi punctae moved rapidly, two-color simultaneous acquisition was carried out with cells expressing these different GFP markers and PI(4)P . In budding and hyphal cells, we detected little colocalization of PI(4)P FAPP1-mCh with Vrg4-GFP, GFP-Sec4, or the integral Golgi protein Sys1-GFP (Fig. S5 A-E) . In contrast, substantial colocalization was observed between PI(4)P FAPP1-mCh and GFP-Pik1 or Sec7-GFP (Fig. S5 A-C) . With this FAPP1 reporter little to no PI(4)P was observed on SVs, in contrast to S. cerevisiae (11, 22) .
As our results indicated that PI(4)P is generated by Pik1 at the late Golgi, we examined the PI(4)P levels, the number of Golgi particles, and their dynamics in the pik1 mutant. Initially, we examined the apparent Golgi PI(4)P concentration by quantifying the mean PI(4)P FAPP1 signal per particle surface area. Upon repression of PIK1, there was a dramatic decrease in the average concentration of PI(4)P at the Golgi, from 32.3 ± 1.2 SEM without Dox to 5.9 ± 0.2 SEM with Dox ( Fig. 4A and Fig. S6A ), compared with WT cells, which were unaffected (Fig. S6C) . In contrast, the average concentration of Sec7-GFP was unaffected by PIK1 repression ( Fig. 4A and Fig. S6B ). In conjunction with the decreased Golgi PI(4)P levels, there was an increase in the average number of Golgi particles per cell (from 5.5 ± 0.4 SEM to 15.4 ± 1.2 SEM in the absence or presence of Dox, respectively) ( Fig. 4B and Fig.  S6A ) and again the WT strain was unaffected (Fig. S6D) . The increase in the number of Golgi particles upon PI(4)P reduction was independently confirmed, as the number of Sec7 punctae per cell also increased (from 10.5 ± 0.4 SEM to 18.6 ± 1.0 SEM) (Fig.  4B and Fig. S6B) , together with the number of Sys1-GFP punctae (from 4.9 ± 0.3 SEM to 20.6 ± 1.6 SEM in the absence or presence of Dox, respectively). These data are consistent with the notion that reduced Golgi PI(4)P results in proliferation of this organelle, further supported by the observation of an ∼1.8-fold increase in the average total Sec7 per cell in the pik1 mutant in the presence of Dox (n = 25 cells; P < 0.0001). In S. cerevisiae an increase in ring-shaped structures representing exaggerated Golgi membranes was observed in a pik1 ts mutant (10) . On the other hand, we were unable to detect a change in the Golgi size, inconsistent with organelle fragmentation. We attribute this proliferation to a defect in vesicle budding from the late Golgi. Finally, as Pik1 may be important for gene transcription in S. cerevisiae (5), we also verified that the mRNA transcript levels of the analyzed SEC and CDR1 genes were not altered in the pik1 mutant (Fig. S1E) .
To determine whether perturbation of Golgi PI(4)P affects Golgi particle movement we examined their trajectories in 3D using Sec7-GFP, as its apparent concentration was independent of PI(4)P levels (Fig. 4A) . In both pik1 cells in the absence of Dox and WT cells, a plot of Golgi particle average MSD vs. time revealed that the Golgi particles undergo random motion close to Brownian diffusion ( Fig. 4C and Fig. S6E ). Strikingly, upon reduction of the Golgi PI(4)P levels, movements were confined to an ∼0.6-μm diameter sphere ( Fig. 4C and SI Materials and Methods). These analyses of Golgi movement did not reveal any directed movement, perhaps due to insufficient temporal resolution. Hence we examined movement in 2D, acquiring images every 0.35 s. Tracks were again separated based upon α and we observed a small number of tracks with directed Golgi movement in budding (2.4% of tracks) and hyphal cells (1.7% of tracks) (Fig. S4F ). Together our results suggest that sufficient Golgi PI(4)P is critical for the unrestricted 3D Brownian movement of the bulk of the C. albicans Golgi.
Plasma Membrane PI(4)P Localizes as a Tight Cap at the Hyphal Tip.
Our results suggest that Golgi PI(4)P is critical for the budding to hyphal transition and a previous study suggested that PM PI(4)P is also important for this transition (8) . In S. cerevisiae the pools of PI(4)P at the Golgi and PM appear to be independent (9, 11), suggesting little Golgi PI(4)P reaches the PM. To determine whether Golgi PI(4)P contributes to the PM pool, we examined the distribution of PI(4)P. To visualize PM PI(4)P we used an Osh2 PH domain that specifically binds this lipid as a reporter, in which we mutated residues critical for Arf binding (32) (Fig. S7 A  and B) . As the high expression of this reporter perturbed cell growth, we used the ACT1 promoter; the resulting strain grew identically to the WT. In WT cells we observed slightly more PI(4)P in small buds than in the mother cell (Fig. 5A) . In contrast, a striking PI(4)P asymmetry was observed in germ tubes, irrespective of filament length and expression level of the reporter ( Fig. 5B and Fig. S7C ), and we quantified the total membrane signal from sum projections using the Matlab program HyphalPolarity (8).
To further characterize this PM PI(4)P distribution we modeled the spatiotemporal dynamics of PI(4)P in hyphal filaments. The levels of PI, PI(4)P, and PI(4,5)P 2 are interdependent (Eqs. S1-S3 and SI Materials and Methods). Our model thus includes phosphorylation and dephosphorylation of PI, PI(4)P, and PI(4,5)P 2 ; lipid diffusion; lipid addition/removal via exocytosis/endocytosis; and dilution due to cell growth ( Fig. 5C and SI Materials and Methods). We simplified this model by assuming that PI(4,5)P 2 → PI(4)P is negligible [PI(4)P distribution is unaffected in a mss4 mutant] and that PI → PI(4)P and PI(4)P → PI(4,5)P 2 occur predominantly at the filament tip. Whereas Stt4 is uniformly distributed on the PM (8), PI is likely to be delivered to the tip via secretion (33) and Mss4 is localized at the tip (8) . In this case, we can decouple the equation for PI(4)P from the others,
where p 1 is the concentration of PI(4)P; D is the PI(4)P membrane diffusion coefficient; α e and j 1 are the rates of localized endocytosis and dephosphorylation; and PI transport to the tip via exocytosis, phosphorylation, i.e., PI → PI(4)P, PI(4)P → PI(4,5)P 2 , and lipid dilution due to tip growth together determine the first boundary condition, i.e., the concentration of PI(4)P at the tip.
We have solved this equation in the quasi-steady state with a second boundary condition of no lipid flux at the base of the filament. We analyzed the solution with or without localized endocytosis, i.e., a 2-μm band of endocytosis (34, 35) revealed by a collar of Abp1-GFP 1-3 μm from the end of the filament, irrespective of length ( Fig. 5C and Fig. S7 C and D) and with or without phosphatase-dependent hydrolysis of PI (4) (4)P distribution and regions of hyphal filament; x is distance from the cell body, r the filament radius, and dx the pixel length. The region in gray indicates an example of pixel volume, over which fluorescence is collected, green is where endocytosis occurs, and yellow is the tip region. L is the length of the filament where the PI(4)P concentration is fixed by the boundary condition. (D) The Sac1 phosphatase is critical for steep PM PI(4)P gradient. Average PM PI(4)P profiles from WT (gray) and sac1 (red) hyphae are shown fitted with the solution to Eq. 1 with or without localized endocytosis (blue) or PI(4)P hydrolysis (green). Mean r 2 values for WT and sac1 model fits: complete, 85% and 42%; no dephosphorylation, 55% and 33%; and no endocytosis, 72% and 3%. (E) PI(4)P dephosphorylation, but not endocytosis, is substantially reduced in the sac1 mutant. Shown are PI (4) minor role (Fig. 5D and Fig. S8 A and B) . Hence, we examined the PI(4)P distribution in hyphae lacking Sac1, the primary phosphatase responsible for regulating plasma membrane PI(4)P in S. cerevisiae (32, 36, 37) . In this mutant there was a dramatic loss of the PI(4)P gradient ( Fig. 5D and Fig. S8C) ; endocytosis is responsible for the residual PI(4)P asymmetry. Importantly, the rate of dephosphorylation is substantially reduced in sac1, whereas the endocytosis rate is unaffected ( Fig. 5E and SI Materials and Methods). These models also predict that the dephosphorylation rate, but not that of endocytosis, correlates with the inverse of the length of the filament squared (1/L 2 ) (Fig. S8  D-F) . The boundary condition critical for this distribution is the generation of PI(4)P at the filament tip.
Given that Stt4 is distributed uniformly along the filament PM (8), we assumed that delivery of PI via the secretory pathway promotes the generation of PI(4)P at the filament tip and the striking gradient. Consistent with the importance of actin-dependent secretion, disruption of the actin cytoskeleton with Latrunculin A, but not the septin cytoskeleton, resulted in a complete loss of PI(4)P asymmetry (Fig. S9 A-C) . Golgi PI(4)P could also contribute to the PM pool of this lipid; however, PM PI(4)P was unaffected upon reduction of Golgi PI(4)P (Fig. S9D) , suggesting that this is not the case. Conversely, there was no difference in the number of PI(4)P FAPP1 Golgi per cell upon STT4 repression (Fig. S9E) ; however, an increase of approximately twofold in the Golgi PI(4)P concentration was observed (Fig. S9F ), suggesting that Stt4 may limit Golgi PI(4)P levels. Together, these results indicate that the two PI(4)P pools are distinct and that actin-dependent transport is critical for the PM PI(4)P distribution.
Discussion
Our results show that Golgi PI(4)P is critical for the C. albicans yeast to filamentous growth transition. Consistent with this, we show that Golgi PI(4)P is important for the distribution of PM proteins, that it is required for budding from the late Golgi and targeting of SVs to sites of growth, and that it is important for the unconstrained movement of these organelles. Concomitant with filamentous growth, we observed a tight cap of PM PI(4)P that was independent of filament length. Modeling of this steep PI(4)P gradient suggests that local delivery of PI to the filament tip and PI(4)P hydrolysis are critical for this distribution. Our results reveal that Golgi PI(4)P is important for the increased membrane traffic that is crucial for hyphal formation (Fig. 5G ).
Golgi and Secretory Vesicle Dynamics. The distribution and dynamics of Golgi particles differ from those of SVs in both budding and filamentous cells. Fungi undergo hyphal growth at dramatically different rates (38, 39) ; for example, filament extension occurs >200-fold more rapidly in N. crassa than in C. albicans. Interestingly, Golgi particles are localized preferentially in the filament tip region in C. albicans and Aspergillus nidulans (15, 26, 40) , but apparently not in N. crassa (41) . Although directed Golgi movement is particularly difficult to detect in filamentous fungi, due to rapid 3D movement as well as saltatory movement (15, 40) , it has been recently observed in N. crassa (41) . In C. albicans a small fraction of SVs and Golgi particles exhibited directed movement in budding and filamentous cells. A substantial increase in SV MSD in hyphae (both for the α < 0.4 and for the α > 1.4 classes) was observed and as SVs moved more rapidly it was easier to observe directed movement in both cell types. It is interesting that 70-80% of particles, both SVs and Golgi, did not move in a directed fashion; i.e., α < 0.4. Whereas single-plane acquisition underestimates directed vesicle movement, we observed the Golgi undergoing a jiggling-type movement and it is likely that these particles exhibit a combination of Brownian and directed movement perhaps indicative of maturation.
Golgi PI(4)P Function. Reducing Golgi PI(4)P levels results in defects in the Golgi and SVs that have functional consequences. In particular, a dramatic increase in the number of Golgi particles was observed, likely due to Golgi proliferation. The simplest explanation for this is that a defect in vesicle budding from the late Golgi results in a buildup of this compartment. Examination of the 3D Golgi dynamics revealed that the bulk of the Golgi movement is consistent with random Brownian diffusion; however, reduction of Golgi PI(4)P confined this movement to a sphere with a diameter of ∼0.6 μm, indicating that PI(4)P at the Golgi is necessary for unrestricted movement. The actin cytoskeleton is critical for Golgi and SV movement in A. nidulans and S. cerevisiae (40, 42) . As the actin cytoskeleton was largely unaffected in the C. albicans pik1 mutant, we consider this scenario unlikely. Alternatively, we envision that Golgi PI(4)P may be important for the association of the Golgi particles to the myosin-V Myo2, as has been observed with S. cerevisiae SVs (11); indeed, recently PI(4)P has been shown to regulate a Golgi motor-cargo interaction (43) . Reducing Golgi PI(4)P could lead to this organelle dissociating from myosin-V, resulting in an apparent confinement of movement. In striking contrast to what is observed in S. cerevisiae (11), there was little to no colocalization of PI(4)P with SVs in budding C. albicans cells [1.8 ± 1.2% PI(4)P FAPP1 colocalized with Sec4, n > 2,000 particles]. Further, the Golgi particles and SVs differed in their sizes, dynamics, MSDs, instantaneous velocities, and average α values. Indeed, even though we have been unable to generate strains with reduced Golgi PI(4)P in which we can follow Sec7 and Sec4, the distinct dynamics of Golgi particles and SVs argue against collapse or fusion of SVs into the Golgi.
Nonetheless, reduction of Golgi PI(4)P perturbs SV targeting, leading to a decrease in vesicles in small buds, as observed in S. cerevisiae (11, 22) . The alterations in Golgi particle number and dynamics, as well as SV targeting, are likely responsible for the altered distribution of the multidrug transporter Cdr1 and the increased sensitivity to antifungal drugs. Furthermore, although we did not observe a defect in uptake of FM4-64 from the PM, its appearance at the vacuole was substantially delayed, most likely because this reporter passes through the late Golgi as in S. cerevisiae (44) . We propose that these dramatic alterations in the late Golgi result in specific defects in the yeast to filamentous growth transition, as an increased level of membrane traffic is likely critical for hyphal formation. This is striking, as it has been previously shown that Sec3 is not required for this transition (45) .
A Steep Plasma Membrane PI(4)P Gradient. Quantification of the distribution of PM PI(4)P in hyphal filaments revealed a steep gradient, in which the PI(4)P concentration decreased rapidly, moving away from the filament tip. We have generated a mathematical model, based on several simplifying assumptions, which accurately reproduces the PM PI(4)P distribution. This model predicts that the steep PI(4)P gradient is absolutely dependent on hydrolysis of PI(4)P by phosphatases, whereas endocytosis, which is not essential for filament formation (34, 35) , fine-tunes the PI(4)P distribution. Indeed we observed a dramatic reduction in PI(4)P asymmetry in the sac1 phosphatase mutant. Interestingly, the dephosphorylation rate inversely correlates with L 2 and equivalently λ 0 linearly correlates with L irrespective of endocytosis. We can envision a number of possibilities to explain this dependence, including nonlinear dephosphorylation kinetics, e.g., both the phosphatase and its regulator being diluted ðj 1 ∝ J 2 1 Þ. This model highlights two major contributions to the PM PI(4)P distribution: hydrolysis by phosphatases and the restricted generation of PI(4)P at the filament tip, which is included in the boundary condition. The C. albicans genome contains several PIphosphatases with a Sac1-like domain that can dephosphorylate PI(4)P, in particular Inp52 and Sac1 (there is no Inp53 homolog). In S. cerevisiae the former phosphatase is found in cortical actin patches (46) and the latter is found at the ER and Golgi (47) and is primarily responsible for regulating PI(4)P levels at the PM (32, 36) via Osh proteins at ER-PM contact sites (37) . In C. albicans hyphal filaments Inp52 and Sac1 localized to cortical patches and to perinuclear and cortical ER, respectively, without an increased level at the back of the filament for either phosphatase. The low signals of these GFP phosphatase fusions precluded time-lapse experiments to determine whether their levels decreased as filaments elongated. Our results indicate that the Golgi PI(4)P pools do not substantially contribute to the PM PI(4)P; however, as this pik1 mutant does not form hyphal filaments, such analyses were only possible in budding C. albicans.
Membrane Traffic and Highly Polarized Growth. The morphological transition of C. albicans from budding to filamentous growth likely requires a substantial and sustained increase in membrane traffic to dramatically increase the PM and cell wall material necessary for generating a long filament. Tight regulation of membrane traffic, including the restricted location and distinct dynamics of organelles, e.g., the Golgi and exo/endocytic vesicles as well as the Spitzenkörper, is critical for the generation of highly elongated cells, including filamentous fungal hyphae and plant pollen tubes. The functionally separate pools of PI(4)P at the Golgi and PMs are crucial for fungal filamentous growth, in part due to their pivotal roles in membrane traffic, both for ensuring sufficient flux of membrane material and for its incorporation at the appropriate location. The multiple roles of PI(4)P in polarized growth are likely to be conserved in a range of organisms.
Materials and Methods
Strains and plasmids used and their construction are described in SI Materials and Methods and listed in Tables S1-S3. Cells and colonies were imaged as described in ref. 39 . Scanning confocal microscopy of fixed cells and spinning-disk confocal microscopy of all live cells were carried out as described in ref. 39 . All Golgi images were deconvolved (Huygens Professional software; SN10). Unless indicated otherwise, error bars represent SD. Scale bar is 5 μm for cells and 1 mm for colonies.
Additional methods are included in SI Materials and Methods.
